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ABSTRACT
We present near-infrared spectroscopic analysis of 12 red giant members of the Galactic
open cluster NGC 6940. High-resolution (R≃45000) and high signal-to-noise ratio (S/N >
100) near-infrared H and K band spectra were gathered with the Immersion Grating Infrared
Spectrograph (IGRINS) on the 2.7m Smith Telescope at McDonald Observatory.We obtained
abundances of H-burning (C, N, O), α (Mg, Si, S, Ca), light odd-Z (Na, Al, P, K), Fe-group
(Sc, Ti, Cr, Fe, Co, Ni) and neutron-capture (Ce, Nd, Yb) elements. We report the abundances
of S, P, K, Ce, and Yb in NGC 6940 for the first time. Many OH and CN features in the
H band were used to obtain O and N abundances. C abundances were measured from four
different features: CO molecular lines in the K band, high excitation C i lines present in both
near-infrared and optical, CH and C2 bands in the optical region. We have also determined
12C/13C ratios from the R-branch band heads of first overtone (2−0) and (3−1) 12CO and (2−0)
13CO lines near 23440 Å and (3−1) 13CO lines at about 23730 Å. We have also investigated
the HF feature at 23358.3 Å, finding solar fluorine abundances without ruling out a slight
enhancement. For some elements (such as the α group), IGRINS data yield more internally
self-consistent abundances.We also revisited the CMD of NGC 6940 by determining the most
probable cluster members usingGaia DR2. Finally, we appliedVictoria isochrones andMESA
models in order to refine our estimates of the evolutionary stages of our targets.
Key words: stars: abundances – stars: atmospheres. Galaxy: open clusters and associations:
individual: NGC 6940
1 INTRODUCTION
Photometry and spectroscopy of evolved stars in open clusters con-
tain vital information for better understanding of stellar evolution,
internal nucleosynthesis, and envelope mixing. Compared to field
stars, cluster members can be more easily tagged in mass, metallic-
ity, age, and reddening, allowing one to use high resolution spec-
troscopy to derive reliable model atmospheres and surface chemical
compositions. Of particular interest are the abundances of light el-
ements and isotopes that can be altered through hydrogen fusion
cycles: Li, C, N, O, and 12C/13C.
⋆ Contact e-mail: gamzebocek@gmail.com (GBT); melike.afsar@ege.
edu.tr (MA); chris@verdi.as.utexas.edu (CS); cpilacho@indiana.edu
(CAP); pavelden@uvic.ca (PAD); vandenbe@uvic.ca (DAV);
gmace@astro.as.utexas.edu (GNM); hkim@gemini.edu (HK);
dtj@astro.as.utexas.edu (DTJ)
Open star cluster formation theories generally assume chem-
ically homogeneous molecular clouds. With few exceptions (e.g.
for M67 see Souto et al. 2018; Bertelli Motta et al. 2018; Gao et al.
2018; Randich et al. 2006), detailed abundances for main sequence
(MS) stars have not been derived for the kinds of intermediate/old
open clusters that have well-developed red giant branches. There-
fore the default assumption is that for solar metallicity1 clusters
(which encompass the vast majority of known cases), the natal light
element abundance ratios are equal to the solar ones. Departures
from the solar ratios in evolved cluster members are assumed to be
due to stellar evolutionary effects.
1 Weadopt the standard spectroscopic notation (Wallerstein & Helfer 1959)
that for elements A and B, [A/B] ≡ log10(NA/NB)⋆ − log10(NA/NB)⊙ . We
use the definition log ǫ (A) ≡ log10(NA/NH) + 12.0, and equate metallicity
with the stellar [Fe/H] value.
© 2018 The Authors
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Table 1. Basic parameters of the program stars and summary of IGRINS observations.
Star RA(Gaia) Dec(Gaia) Va Hb Kb Gc (GBP−GRP)d (B −V )0 (V − K)0 Date Exposure S/N
(UT) (s)
MMU 28 20 33 25.01 28 00 46.8 11.56 9.05 8.93 11.22 1.33 0.91 2.06 31 07 2015 300 115
MMU 30 20 33 29.80 28 17 04.8 10.89 8.27 8.18 10.61 1.38 1.05 2.14 31 07 2015 300 117
MMU 60 20 33 59.57 28 03 01.6 11.56 9.10 8.97 11.24 1.31 0.90 2.02 31 07 2015 300 94
MMU 69 20 34 05.74 28 11 18.2 11.64 9.07 8.95 11.28 1.34 0.87 2.12 01 08 2015 300 126
MMU 87 20 34 14.70 28 22 15.7 11.32 8.87 8.74 11.00 1.30 0.87 2.01 01 08 2015 300 116
MMU 101 20 34 23.64 28 24 25.5 11.27 8.87 8.74 10.96 1.28 0.89 1.96 01 08 2015 300 155
MMU 105 20 34 25.46 28 05 05.5 10.66 7.95 7.82 10.30 1.40 1.01 2.27 06 08 2015 300 154
MMU 108 20 34 25.68 28 13 41.5 11.19 8.86 8.70 10.88 1.27 0.83 1.92 01 08 2015 300 113
MMU 132 20 34 40.11 28 26 38.8 10.97 8.49 8.39 10.65 1.29 0.89 2.01 08 08 2015 300 139
MMU 138 20 34 45.87 28 09 04.6 11.36 8.96 8.81 11.05 1.28 0.87 1.98 16 06 2016 420 129
MMU 139 20 34 47.60 28 14 47.1 11.38 8.94 8.80 11.05 1.28 0.89 2.02 08 08 2015 300 156
MMU 152 20 34 56.64 28 14 27.0 10.84 8.35 8.26 10.50 1.27 0.87 2.01 16 06 2016 300 105
a Larsson-Leander (1960)
b Cutri et al. (2003)
c Gaia Collaboration et al. (2018)
d Cantat-Gaudin et al. (2018)
LiCNOabundances of open cluster red giants usually have been
derived from features present in high-resolution optical2 wavelength
spectra: C from CH and C2 bands, N from CN bands, O from the
[O i] 6300 Å line, and Li from the Li i 6707Å resonance doublet. All
of these spectral features have assets and liabilities. For example,
the single O abundance indicator3 has a significant Ni i blend and
lies near telluric O2 and night sky emission lines. The CHG band is
often very strong and it occurs in the heavily contaminated 4300 Å
region, while the C2 Swan bands near 4720, 5170, and 5630 Å are
weak and blended. CN transitions can easily be observed throughout
the red region, but are mostly very weak except for λ > 8000 Å; N
abundances from CN also are completely dependent on derived C
abundances.
The IR wavelength domain contains several species that can
greatly improve on CNO abundances determined from optical spec-
tra. OH vibration-rotation band lines occur throughout the 1−2 µm
region, as do stronger lines of the CN red electronic system. There
are many high-excitation C i transitions in the IR spectral region.
Analyses of these CNO abundance indicators together with those in
the optical region should yield reliable abundances for use in stellar
evolution studies.
High-resolution spectroscopy of globular cluster red gi-
ants in the H band has been conducted over the last cou-
ple of decades with Keck/NIRSPEC (McLean et al. 1998) and
VLT/CRIRES (Kaeufl et al. 2004) instruments (e.g. Origlia et al.
2002; Origlia & Rich 2004; Origlia et al. 2005, 2008; Valenti et al.
2011; de Laverny & Recio-Blanco 2013; Valenti et al. 2015). The
detailed chemical abundances of some Galactic globular clus-
ters were also studied by Lamb et al. (2015) using high-resolution
2 In this paper we will use “optical” or “opt” to refer to the spectral
domain λ < 9000 Å, and “IR” to refer to the H (1.5-1.8 µm) and K (2.0-
2.4 µm) near-IR photometric bands. For internal consistency we will use Å
wavelength units throughout.
3 Other O abundance features all have observational and analytic difficul-
ties. The [O i] 6363.8 Å line is blended with CN and lies in a general flux
depression caused by the Ca i 6361.8 Å auto ionization line. The O i 7770 Å
triplet is subject to large non-local thermodynamic equilibrium (NLTE) cor-
rections. The OH electronic transition bands occur at wavelengths below
3300 Å, a low-flux complex line region that is very difficult to be studied
from the ground.
spectral data obtained both in the optical and H band regions.
Most recently, Lamb et al. (2017) reported the IR abundances
for metal-poor stars in and towards the Galactic Centre from H
band spectra taken with the RAVEN multi-object science demon-
strator and IRCS/Subaru instrument. A few chemical composi-
tion studies of open cluster members have been performed with
the Keck/NIRSPEC and VLT/CRIRES (e.g. Origlia et al. 2006;
Maiorca et al. 2014) as well as with TNG/Giano (Oliva et al. 2012
and references therein); see for example Origlia et al. (2013, 2016).
Elemental abundances for a limited number of open clusters have
been investigated using the H band spectral data of APOGEE
(R ≃ 25,000, Majewski et al. 2017); see for example Cunha et al.
(2015), Souto et al. (2016), Linden et al. (2017), Souto et al. (2018).
In this paper we present an abundance study of the interme-
diate age open cluster (OC) NGC 6940, using high resolution IR
spectra. This work is part of a series of studies that involve chem-
ical composition analyses of selected red giant (RG) members of
OCs from high-resolution spectra obtained in both optical and IR
spectral regions. The results from the optical spectral range of the
12 RG members of NGC 6940 have been previously reported by
Böcek Topcu et al. (2016) (hereafter Paper 1). In this study, we
present abundances obtained from high-resolution H and K band
spectra for the same RG members of NGC 6940. To the best of our
knowledge, this study is the first of its kind that reports internally-
consistent abundances for a large number of OC red giants using
high resolution spectra in the optical (5100−8800 Å) and the com-
plete H and K bands. Our investigation puts special emphasis on
determining better CNO abundances towards interpretation of H-
fusion synthesis and mixing in open clusters.
2 OBSERVATIONS AND DATA REDUCTION
High-resolution (R ≡ λ/∆λ ≈ 45.000) and high S/N spectra of
the NGC 6940 targets were obtained with the Immersion Grating
Infrared Spectrometer (IGRINS, Yuk et al. 2010; Park et al. 2014;
Mace et al. 2016) on the 2.7mHarlan J. Smith Telescope at McDon-
ald Observatory. Observations were made between July 2015 and
June 2016. Stellar coordinates, broad-band photometric data, Gaia
magnitudes, colours, and the observation log are given in Table 1.
IGRINS has total wavelength coverage of 1.48−2.48 µm with
MNRAS 000, 1–15 (2018)
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Figure 1. The CMD of NGC6940 (black dots) and its fit with a new 1.15
Gyr isochrone (black curve) generated with the Victoria stellar evolutionary
code (VandenBerg et al. 2014). The blue and red curves are the MESA
(Paxton et al. 2011, 2013) evolutionary tracks both computed for M = 2M⊙ ,
[Fe/H] = 0, Y = 0.27 but different assumptions about the mixing length
parameter. See §7.1 for a detailed descriptions of these theoretical curves.
Circled symbols represent our targets. The location ofMMU 152, a star with
an unusual light element abundance set, is framed with a square.
only about 100 Å lost in the middle, unobservable from the ground
due to heavy telluric absorption. This large wavelength coverage is
obtained in a single observation per star, with the H and K spectral
regions being captured by different camera/detector systems.4 Flat
field, ThAr lamp and sky calibration frames were taken during each
night. The spectra of targets and of hot, rapidly-rotating telluric
standards were taken by nodding the stars along the slit with a
four-integration ABBA pattern.
To reduce the data frames we used the IGRINS reduction
pipeline package PLP2 (Lee 2015).5 The PLP2 software applies
basic echelle reduction steps such as sky subtraction, flat fielding,
bad pixel correction, background removal, aperture extraction, and
wavelength calibration. Wavelength solutions were derived from
the Th-Ar lamp lines and then improved by using sky OH emission
lines. To remove the contamination of CO2 lines we have used the
telluric task of IRAF6. More detail about the reduction process can
be found in Afşar et al. (2016).
3 KINEMATICS, DISTANCES, AND LUMINOSITIES
The second data release (DR2) of the Gaia astrometric satellite
mission (Gaia Collaboration et al. 2016, 2018) includes kinematic
information for all of our NGC 6940 RG stars. In Table 2 we list
4 SeeFigure 1 athttp://www.as.utexas.edu/astronomy/research/people/jaffe/igrins.html
5 https://github.com/igrins/plp
6 http://iraf.noao.edu/
Gaia parallaxes, proper motions, and radial velocities (RVs) along
with the RVs measured from both IR and optical (Paper 1) spec-
tra. IR RVs were measured in the same manner as described in
Paper 1 using the regions that are less affected by the atmospheric
lines. All radial velocities are in excellent agreement within about
0.5 km s−1. The RVs from our data set yield a cluster mean of
〈RVmean〉 ≃ 7.91 ± 0.14 (σ = 0.49) km s−1, and a star-by-star
comparison with Gaia yields 〈RVGaia − RVmean〉 = 0.17 ± 0.11
(σ = 0.39). In all data sets MMU 152 stands out from the cluster
mean: 〈RVMMU152〉 ≃ 9.20 km s
−1, slightly outside the observa-
tional uncertainties. However, its parallax and proper motions are
well within the cluster means, confirming its membership in NGC
6940.
Paper 1 investigated the color magnitude diagram (CMD) of
NGC 6940 by using the data provided by in WEBDA7 database
(Walker 1958; Larsson-Leander 1960; Hoag et al. 1961; Stetson
2000). Here we revisit the CMD and gather the data from
Cantat-Gaudin et al. (2018) who studied the open cluster population
in theMilkyWay bymaking use ofGaiaDR2. Among the members
listed in Cantat-Gaudin et al., we only used the ones with member-
ship probabilities ≥ 80%. We plot the Gaia CMD in Figure 1. We
illustrated our targets by framing their locations with circles and
one square for MMU 152. The mean parallax of the cluster from
these stars is 〈π(Gaia)〉 = 0.949 ± 0.002 (σ = 0.052) mas (miliarc-
sec), which is about 0.350 mas less than the parallax we adopted
from Kharchenko et al. (2005) in Paper 1. This difference cannot
be due to systematics in Gaia parallaxes, which can be up to 0.03
mas throughout the sky as recently investigated by Arenou et al.
(2018) in detail. Figure 1 also contains theoretical isochrones and
evolutionary tracks that are needed for interpretation of the chem-
ical compositions derived in this study. The true distance modulus
(m-M)0 = 10.11 information for NGC 6940 is also given in the
Figure along with E(B−V) = 0.21, which is the reddening estimate
obtained from the fit of isochrones to the MS stars > 1.5 mag below
the cluster turnoff when the distance modulus based on Gaia paral-
laxes is adopted. These curves need extended discussion, which we
defer to §7.1.
4 MODEL ATMOSPHERES AND ABUNDANCES FROM
THE OPTICAL WINDOW
In Paper 1 we reported model atmospheric parameters Teff , log g,
ξt, [Fe/H], absolute abundances log ǫ(Li), the 12C/13C ratios, and
relative abundances [X/Fe] of 22 elements for 12 NGC 6940 RG
members (see Table 9 in Paper 1). Here we additionally report the
abundances of S and Ce from their neutral and ionized species,
respectively, and determine C abundances also from high excita-
tion C i lines (Table 4). We also reanalyse the Sc ii lines adopt-
ing the log gf values from Lawler & Dakin (1989). The abundance
analyses were carried out using high-resolution, high-S/N optical
spectra obtained with the 9.2-m Hobby-Eberly Telescope (HET)
High-Resolution Spectrograph (HRS; Tull 1998) at the McDonald
Observatory. We used the local thermodynamic equilibrium (LTE)
line analysis and synthetic spectrum code MOOG (Sneden 1973)8
to derive the model atmospheric parameters (Teff , log g, [Fe/H] and
ξt ) and chemical abundances. The model atmospheric parameters
7 http://www.univie.ac.at/webda/webda.html
8 http://www.as.utexas.edu/~chris/moog.html
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Table 2. Kinematics and radial velocities.
Star π(Gaia) µα (Gaia) µδ (Gaia) RV
a RV(Paper 1) RV(Gaia)
(mas yr−1) (mas yr−1) (mas yr−1) (km s−1) (km s−1) (km s−1)
MMU 28 1.001±0.033 −2.015±0.047 −9.523±0.055 8.24±0.25 8.90±0.22 8.70±0.37
MMU 30 0.958±0.028 −1.919±0.042 −9.382±0.048 7.46±0.15 7.96±0.20 8.03±0.25
MMU 60 0.977±0.029 −2.240±0.042 −9.263±0.041 7.32±0.25 7.66±0.22 7.41±0.32
MMU 69 0.930±0.027 −2.046±0.042 −9.329±0.038 7.54±0.25 8.08±0.24 8.21±0.34
MMU 87 0.998±0.032 −1.985±0.044 −9.462±0.040 8.06±0.26 7.98±0.27 8.13±0.30
MMU 101 1.000±0.035 −1.973±0.051 −9.460±0.046 7.36±0.21 7.74±0.23 6.92±0.38
MMU 105 0.979±0.031 −1.955±0.042 −9.346±0.043 7.61±0.29 7.74±0.23 8.38±0.23
MMU 108 0.883±0.033 −1.534±0.045 −9.235±0.041 7.51±0.34 7.39±0.25 8.10±0.50
MMU 132 1.005±0.038 −2.015±0.051 −9.314±0.047 7.48±0.25 7.76±0.42 7.62±0.28
MMU 138 0.920±0.029 −1.803±0.042 −9.457±0.040 8.12±0.32 8.22±0.23 7.90±0.30
MMU 139 0.975±0.031 −2.046±0.045 −9.523±0.046 7.97±0.21 7.53±0.23 8.25±0.32
MMU 152 0.982±0.032 −1.924±0.044 −9.378±0.041 8.91±0.24 9.28±0.24 9.32±0.21
mean 0.967±0.011 −1.955±0.048 −9.389±0.028 7.80±0.14 7.91±0.12 8.08±0.18
σ 0.038 0.168 0.096 0.47 0.41 0.61
a This study.
Table 3. Model atmosphere parameters.
Star Teff Teff (Gaia) Teff (LDR) log g ξt [Fe i/H] σ # [Fe ii/H] σ # [Fe i/H] σ #
(K) (K) (K) (km s−1) (opt) (opt) (opt) (opt) (opt) (opt) (IR) (IR) (IR)
MMU 28 5024 4742 5052 2.89 1.03 −0.03 0.07 56 −0.07 0.05 11 0.00 0.04 19
MMU 30 4959 4706 4977 2.85 1.32 0.01 0.07 53 −0.04 0.08 10 0.00 0.04 24
MMU 60 5046 4683 5048 2.97 0.97 0.04 0.06 50 0.01 0.08 9 0.06 0.05 20
MMU 69 5004 4649 5068 2.90 1.05 −0.03 0.06 55 −0.07 0.08 10 0.03 0.05 24
MMU 87 5023 4692 5048 2.85 1.07 0.05 0.07 50 0.03 0.06 10 0.07 0.04 25
MMU 101 5037 4767 5035 3.02 1.16 0.01 0.07 55 −0.02 0.06 8 0.05 0.04 23
MMU 105 4765 4580 4893 2.34 1.35 −0.10 0.07 53 −0.15 0.08 8 −0.04 0.06 24
MMU 108 5132 4802 5082 2.80 1.28 −0.15 0.07 54 −0.22 0.03 9 −0.06 0.06 18
MMU 132 4962 4822 4972 2.65 1.29 −0.01 0.05 51 −0.09 0.09 10 0.09 0.05 24
MMU 138 5056 4703 5073 3.00 1.10 0.00 0.06 47 −0.05 0.04 8 0.03 0.08 21
MMU 139 5013 4789 4958 2.99 1.10 0.01 0.07 51 −0.03 0.05 8 0.06 0.06 23
MMU 152 4933 4846 4941 2.66 1.36 −0.06 0.06 52 −0.13 0.06 10 0.00 0.07 19
were determined from equivalent width (EW 9) measurements of
Fe i, Fe ii, Ti i, and Ti ii lines (Table 6 of Paper 1). Those parameters
are adopted without change in this study and are listed in Table 3.
An extended description of the optical abundance analyses is
given in Paper 1, in which we derived solar photospheric abun-
dances in the same manner as those in the program stars, making in
effect the stellar abundances into differential values relative to the
Sun. In the present study we have adopted the solar abundances of
Asplund et al. (2009). While most of the optical region lines have
reliable laboratory transition probabilities, many more lines in our
IR spectra must have transition probabilities derived from reverse
solar analysis. Therefore we adopt uniformly theAsplund et al. solar
values in this work. In the upper part of Table 4 we list the relative
optical abundance ratios using this assumed set of solar abundances.
In this paper we will examine the LiCNOgroup abundances in more
detail than was done in Paper 1, including a re-assessment of the
values derived from optical data. In Table 4 these abundances and
12C/13C ratios are entered at the ends of the rows for optical and
IR results, and will be discussed separately in §6.5. The [X/Fe] cal-
9 Equivalent width and line depth ratio (LDR) measurements were com-
pleted in the same manner described in Paper 1.
culations were performed by taking species by species differences
using both Fe i and Fe ii abundances.
5 TEMPERATURE DETERMINATION FROM THE IR
REGION
In previous optical studieswe have used the LineDepth Ratio (LDR)
method for estimations of initial Teff values. The LDR method was
first developed by Gray & Johanson (1991) and later studied by
several authors such as Biazzo et al. (2007a,b), whose formulae we
utilized in Paper 1. LDR temperatures are calculated from the ratios
central depths of Teff -sensitive absorption lines to those of lines
that are relatively insensitive to Teff . Such line pairs are relatively
insensitive to log g and [Fe/H] for disk-metallicity red giants. The
method is completely free of of photometric uncertainties, interstel-
lar reddening, and extinction. In a recent study, Fukue et al. (2015)
identified 18 absorption lines in the H band to provide Teff,LDR
calibrations for nine absorption line pairs, for mostly G- and K-type
giants and supergiants. This study provides a new opportunity to
estimate effective temperature, perhaps the most important atmo-
spheric parameter, without having any information from the optical
spectral range.
MNRAS 000, 1–15 (2018)
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Table 4. Relative abundances and 12C/13C ratios of NGC 6940 RGs and their cluster means.
Species MMU
[X/Fe] 28 30 60 69 87 101 105 108 132 138 139 152 mean σ #max
Optical Spectral Region
Na i 0.23 0.22 0.19 0.24 0.12 0.24 0.34 0.45 0.34 0.16 0.20 0.53 0.27 0.12 4
Mg i 0.06 0.01 0.05 0.05 0.03 0.08 0.10 0.17 0.09 0.07 0.05 0.13 0.07 0.04 2
Al i −0.07 −0.10 −0.12 −0.03 −0.07 −0.08 −0.02 0.09 −0.02 −0.06 −0.05 0.05 −0.04 0.06 2
Si i 0.21 0.23 0.12 0.22 0.19 0.24 0.27 0.22 0.29 0.16 0.24 0.30 0.22 0.05 15
S i∗ 0.13 0.11 0.04 0.12 0.08 0.10 0.15 0.21 0.19 0.15 0.15 0.25 0.16 0.06 2
Ca i 0.13 0.07 0.12 0.16 0.10 0.09 0.15 0.18 0.14 0.05 0.12 0.11 0.14 0.04 10
Sc ii∗ 0.11 0.16 0.14 0.24 0.11 0.23 0.16 0.13 0.13 0.16 0.17 0.24 0.16 0.05 6
Ti i −0.06 −0.09 −0.06 −0.08 −0.10 −0.07 −0.08 0.00 −0.05 −0.01 −0.09 −0.04 −0.06 0.03 11
Ti ii 0.07 0.14 0.07 0.08 0.06 0.10 0.09 0.15 0.16 0.11 0.18 0.09 0.11 0.04 4
V i −0.03 −0.03 −0.07 −0.05 −0.10 −0.02 −0.06 0.03 −0.03 −0.01 −0.07 −0.01 −0.04 0.04 12
Cr i 0.06 0.04 0.06 0.10 0.04 0.05 0.07 0.12 0.06 0.10 0.01 0.06 0.06 0.03 14
Cr ii 0.23 0.29 0.19 0.17 0.22 0.21 0.27 0.20 0.39 0.17 0.26 0.23 0.24 0.06 3
Mn i −0.06 −0.08 −0.07 −0.09 −0.11 −0.08 −0.15 −0.06 −0.03 −0.07 −0.10 −0.03 −0.08 0.03 3
Co i −0.12 −0.09 −0.15 −0.13 −0.17 −0.08 −0.14 −0.11 −0.11 −0.11 −0.12 −0.07 −0.12 0.03 5
Ni i 0.09 0.09 0.07 0.09 0.08 0.11 0.11 0.06 0.08 0.08 0.14 0.10 0.09 0.02 29
Cu i 0.01 0.07 −0.03 −0.02 −0.04 0.01 −0.06 −0.02 0.04 0.02 0.04 0.11 0.01 0.05 1
Zn i 0.08 0.08 0.12 0.10 0.03 0.10 0.18 0.04 0.09 0.05 0.20 0.03 0.09 0.05 1
Y ii 0.12 0.15 0.07 0.12 0.06 0.10 0.08 0.22 0.07 0.09 0.16 0.14 0.12 0.05 4
La ii 0.20 0.26 0.12 0.24 0.18 0.29 0.16 0.23 0.21 0.25 0.21 0.22 0.21 0.05 4
Ce ii∗ 0.12 0.18 0.08 0.13 0.07 0.13 0.03 0.09 0.06 0.16 0.15 0.17 0.11 0.05 4
Nd ii 0.26 0.32 0.22 0.23 0.29 0.32 0.23 0.21 0.25 0.23 0.25 0.32 0.26 0.04 3
Eu ii 0.07 0.16 0.11 0.14 0.08 0.15 0.14 0.15 0.13 0.20 0.15 0.15 0.13 0.04 2
log ǫ (Li) 1.05 <0.0 1.23 1.29 0.56 0.64 <0.1 <0.0 0.33 1.05 0.86 <0.0 1
12C/13C 25 15 20 10 25 15 15 20 25 20 15 6 18 6 CN
C −0.19 −0.20 −0.30 −0.24 −0.22 −0.24 −0.27 −0.17 −0.27 −0.15 −0.23 −0.41 −0.24 0.07 C2, C i
N 0.42 0.41 0.47 0.48 0.42 0.48 0.41 0.58 0.42 0.47 0.39 0.55 0.46 0.06 CN
O −0.08 −0.05 −0.17 −0.07 −0.04 −0.05 −0.14 −0.09 −0.22 0.00 −0.05 −0.08 −0.09 0.06 [O i]
IGRINS H & K Spectral Region
Na i 0.28 0.29 0.16 0.27 0.20 0.23 0.34 0.51 0.18 0.25 0.15 0.54 0.28 0.13 5
Mg i 0.05 0.01 0.00 0.05 0.00 −0.06 0.02 0.07 −0.02 0.02 −0.02 0.07 0.02 0.04 11
Al i 0.11 0.09 0.05 0.05 0.06 0.08 0.14 0.06 −0.07 −0.02 0.03 0.21 0.07 0.07 6
Si i 0.13 0.16 0.13 0.14 0.14 0.13 0.16 0.17 0.12 0.16 0.14 0.19 0.15 0.02 11
P i 0.05 −0.05 0.02 0.09 −0.08 0.16 0.15 0.21 0.25 −0.05 0.13 0.29 0.10 0.12 2
S i 0.08 0.11 0.07 0.08 −0.02 0.06 0.08 0.11 0.06 0.06 0.03 0.11 0.07 0.04 10
K i 0.00 0.03 0.21 0.13 0.07 0.13 0.22 0.45 0.10 0.17 0.15 0.39 0.17 0.13 2
Ca i 0.21 0.15 0.08 0.16 0.15 0.09 0.19 0.16 0.13 0.14 0.14 0.16 0.15 0.04 11
Sc i 0.06 −0.04 0.17 0.16 −0.07 −0.10 −0.18 0.09 0.00 −0.08 −0.08 0.05 0.00 0.11 2
Ti i −0.03 0.04 −0.02 0.02 0.00 0.01 −0.03 0.08 −0.02 0.10 0.00 0.03 0.01 0.04 10
Ti ii −0.02 0.01 −0.08 −0.15 −0.08 −0.11 −0.06 −0.03 −0.07 0.05 −0.02 −0.04 −0.05 0.05 1
Cr i 0.07 0.03 0.01 −0.03 −0.03 −0.04 0.07 0.03 −0.03 −0.02 0.01 0.09 0.01 0.05 3
Co i 0.00 0.01 −0.13 −0.01 −0.03 0.00 0.08 0.00 −0.01 −0.04 0.01 0.07 0.00 0.05 1
Ni i 0.15 0.08 0.08 0.04 0.05 0.02 0.04 0.04 −0.02 0.09 0.06 0.09 0.06 0.04 6
Ce ii 0.31 0.37 0.20 0.23 0.21 0.26 0.15 0.30 0.12 0.22 0.31 0.15 0.24 0.08 9
Nd ii 0.43 0.47 0.39 0.12 0.07 0.45 0.31 0.49 0.34 0.16 1
Yb ii −0.05 0.14 0.08 0.11 −0.04 0.13 0.13 0.01 0.22 0.05 0.00 0.07 0.08 1
12C/13C 25 20 25 27 24 28 23 20 25 20 26 6 22 6 CO
C −0.25 −0.11 −0.30 −0.32 −0.23 −0.24 −0.27 −0.34 −0.40 −0.15 −0.20 −0.61 −0.28 0.13 CO, C i
N 0.54 0.46 0.56 0.61 0.45 0.48 0.44 0.60 0.45 0.51 0.41 0.67 0.52 0.08 CN
O 0.02 0.07 0.03 0.09 −0.01 0.07 −0.12 −0.07 −0.14 0.04 −0.04 −0.11 −0.01 0.08 OH
∗ This study.
We applied the Fukue et al. (2015) H-band LDRmethod to our
IGRINS data, measuring line depths of their recommended absorp-
tion pairs, and calculated Teff,LDR of the NGC 6940 RGs (Table 3).
In Figure 2, we plot the optical LDR temperatures (Paper 1) along
with the infrared LDR temperatures that were obtained using the
temperature scales reported by Fukue et al. (2015), and compare
them with the spectroscopic temperatures. LDR temperatures from
the IR region are in accord with the optical LDR temperatures, and
they agree well with spectroscopic Teff values for all but the coolest
star, MMU 105. All other program stars are at least 150 K warmer
thanMMU 105 according to the Paper 1 spectroscopic analyses, and
the (B−V)0 and (V −K)0 values (Table 1) for this star also suggest a
lower temperature. Without more examples like MMU 105, we can-
not pursue this point further. Comparison of the average LDR and
spectral temperatures yields, 〈Teff,LDR −Teff,spec〉 = 3 ± 10 K in the
optical (Paper 1), and 〈Teff,LDR − Teff,spec〉 = 16 ± 14 K in the IR.
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Figure 2. Correlation of optical and H-band LDR Teff values with those
derived spectroscopically in Paper I. The dashed line represents equality of
the temperatures.
It is clear that the H-band LDR method provides reliable Teff value
independent of other atmospheric parameters, which will become
especially useful for RGs in other clusters that are not observable in
the optical spectral region due to large interstellar extinction.
6 ABUNDANCES FROM THE INFRARED WINDOW
We determined the abundances of 20 elements from the high-
resolution H- and K-band spectra of NGC 6940 RG stars. 17 of
the elements studied here were also investigated in Paper 1. We
followed the analytical methods of Afşar et al. (2018), in particu-
lar adopting their line lists of atomic and molecular data without
change. We performed synthetic spectrum analyses to measure the
IR abundances. We measured the abundances of H-burning (C, N,
O), α (Mg, Si, S, Ca), light odd-Z (Na, Al, P, K), Fe-group (Sc,
Ti, Cr, Fe, Co, Ni) and n-capture (Ce, Nd, Yb) elements, as well
as 12C/13C ratios. We begin with an overview of the results, and
follow with details of the analysis and comparison with the optical
abundances in subsections to follow.
In the bottom part of Table 4 we list the IR-based relative abun-
dance ratios of our 12 NGC 6940 program stars. Figure 3 displays
a summary of the mean optical and IR abundances. Blue squares
and red dots are the calculated mean abundances from 12 RGs in
the optical and IR region, respectively. Error bars represent the
standard deviations of each element of its cluster mean abundance.
Inspection of this figure shows that there is general agreement of
abundances derived from the two spectral domains, with abundance
differences rarely exceeding the mutual abundance uncertainties.
Defining ∆IRopt[A/B] = [A/B]IR − [A/B]opt, we find 〈∆
IR
opt[X/Fe]〉 =
0.00 ± 0.02 (σ = 0.09) for 17 species with both optical and IR
abundances.
In Figure 4 we show species mean abundances for each pro-
gram star as a function of its effective temperature. This figure
reinforces the optical/IR agreement and the small star-to-star abun-
dance scatters evident in Figure 3. We compare only the neutral
species of Cr due to its existence in both regions. Additionally, this
figure illustrates that there are no significant abundance drifts with
Figure 3. NGC 6940 cluster mean elemental abundances from optical (blue
symbols) and IR (red symbols) spectral region. The data for this figure
are from Table 4. For elements represented by two species (Cr and Ti), the
average of the species is displayed.
Teff , albeit over the small 4765−5132 K range occupied by the RG
stars of our sample.
6.1 Fe-group elements:
The standard metallicity element Fe is represented only by Fe i on
our IGRINS spectra; it is a struggle to detect any Fe ii lines in RG IR
spectra. Additionally, there are not many recent laboratory transition
probabilities reported for Fe i. The series of lab studies of this species
(Ruffoni et al. 2014, Den Hartog et al. 2014, Belmonte et al. 2017)
have no lines in the H and K bands. Therefore our Fe i g f -values
were all derived from reverse solar analyses by Afşar et al. (2018),
and thus our Fe abundances are differential ones. They are listed for
each star in Table 3, from which we derive an NGC 6940 cluster
abundance of 〈[Fe/H]〉IR =0.02 (σ =0.06). Themeans for the optical
lines (which employed lab transition probabilities for both Fe i and
Fe ii are 〈[Fe/H]〉I,opt = −0.02 (σ = 0.06) and 〈[Fe/H]〉II,opt = −0.07
(σ = 0.06). These three metallicity estimates are all solar within the
uncertainties.
The Fe-group comprises elements Sc through Zn, Z = 21−30.
We detected useful transitions of five Fe-group species in the IR
(Sc i, Ti i, Ti ii, Cr i, Co i and Ni i). From their mean [X/Fe] values
in Table 4 we compute 〈[X/Fe]〉IR = 0.01 (σ = 0.04, 6 species).
A caution needs to be made for Ti ii, which could be determined
only from one feature in the IR, and Sc i abundances which could
be measured only from two weak lines in the K band. In general,
the IR results compare well with the ones from the optical region,
in which for 10 elements we find 〈[X/Fe]〉opt = 0.04 (σ = 0.11,
11 species). Both optical and IR Fe-group relative abundances are
consistent with their solar values.
6.2 Alpha elements
The α-elements, Mg, Si, Ca and S, each have about 10 absorption
neutral-species lines in H- and K-bands (Table 4). Mg, Si and Ca
lines are usually stronger compared to those of S. We illustrate
this in the top panel of the Figure 5, showing observed/synthetic
spectrum comparisons of two of the main S i lines in MMU 152.
Almost all α-elements have abundances somewhat above solar.
The mean of all α group elements for the cluster is 〈[α/Fe]〉IR≡
1
4
([Mg/Fe]+[Si/Fe]+[S/Fe]+[Ca/Fe])= 0.10 (σ = 0.06). This agrees
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Figure 4. Mean species abundances for all NGC 6940 program stars plotted as functions of their Teff values. The panels labeled simply C, N, and O are based
on multiple abundance indicators that are discussed in §6.5. Optical and IR abundances are shown with blue crosses and red dots, respectively. In the Sc panel,
Sc i (red dots) and Sc ii (blue crosses) represent the measurements from IR and optical, respectively.
reasonably well with the mean [α/Fe] from the optical, 0.15
(σ = 0.06). We derived the optical Si and Ca abundances in Pa-
per I from EWs of large sets of lines, finding very small internal
scatter. However, Mg abundances were derived only from two strong
Mg i lines at 5528.41 and 5711.08 Å by spectrum synthesis analy-
ses. The line-to-line scatter of the Mg abundances from these lines
reached up to about 0.2 dex in some cases. In the IR, line-to-line
scatter is only ∼0.05 dex from 10 Mg i lines, indicating that more
robust Mg abundance can be obtained using the IGRINS data.
6.3 Odd-Z light elements
Abundances of four odd-Z light elementsNa, Al, P andKwere deter-
mined fromour IR spectra.OurLTEanalysis (in both regions) yields
a significant overabundance for Na. Giving equal weight to the Na
abundance averages from IR and optical domains, 〈[Na/Fe]〉 = 0.28,
but the star-to-star scatter is large,σ=0.13. The optical and IR abun-
dances are in good agreement: ∆IRopt[Na/Fe] = 0.01 (σ = 0.07). For
star MMU 132 the IR Na abundance is 0.16 dex smaller than that
from the optical. Eliminating that star yields smaller scatter in the
optical/IR abundance comparison: ∆IRopt[Na/Fe] = 0.03 (σ = 0.05).
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Figure 5. Observed (points) and synthetic spectra (colored lines) of transi-
tions for three light elements rarely studied in the optical wavelength domain.
In each panel the blue line represents a synthesis with no contribution by
the element of interest, the red line is for the abundance that best matches
the observed spectrum, and the green line represent the synthesis larger than
the best fit by 0.3 dex.
This suggests that the star-to-star variation in Na abundances is real.
Note that the scatter is driven in large part by very large abundances
for stars MMU 108 and MMU 152 ([Na/Fe] ≃ 0.5). As previously
discussed in Paper 1 (Section 7.3) in detail, and also recently stud-
ied by, e.g. Smiljanic et al. (2018a), relatively large turnoff mass (2
M⊙) of the cluster could be associated with the Na overabundance.
In §8, we will discuss further the Na overabundance issue observed
in MMU 152.
In contrast to the scatter for Na, the Al abundances in our
NGC 6940 giants are consistent with [Al/Fe] ≃ 0.07 with little
evidence of star-to-star variation (σ = 0.07). The optical and IR
abundances slightly differ from each other with ∆IRopt[Al/Fe] = 0.11
(σ = 0.08). Once again MMU 152 yields high [Al/Fe] values, about
0.1 dex larger than the cluster means in the two spectral regions.
Abundances of other two odd-Z light elements P and K have
been analyzed from two neutral-species lines that are present for
each element in the H band. Moore et al. (1966) identified three
high-excitation P i lines (χ ≥ 8 eV) in the optical spectral re-
gion, but they could not be detected in our NGC 6940 spectra,
being either blended or extremely weak (reduced widths log(RW) ≡
log(EW/λ) < −6.0). The K i resonance line at 7699.0 Å has been
the dominant source of K abundances in the literature, but in our
NGC 6940 giants the 7699 Å line is on the flat/damping part of the
curve-of-growth log(RW) > −4.6 and thus relatively insensitive to
abundance variations. Additionally, the K i resonance lines are sub-
ject to severeNLTE effects, as discussed in, e.g., Takeda et al. (2002,
2009). Afşar et al. (2018) suggests that the NLTE effects might be
much less for the high-excitation K i, but detailed calculations have
not been published.
The middle panels of Figure 5 displays the syn-
thetic/observational spectrum matches for the P i 15711.5 and
16482.9 Å lines inMMU 152, while the bottom panel shows the K i
15163.1 and 15168.4 Å lines. The cluster means are 〈[P/Fe]〉IR =
0.10 (σ = 0.12) and 〈[K/Fe]〉IR = 0.17 (σ = 0.13). Abundances
Figure 6. Observed and synthetic spectra of the very weak 16042.8 Å OH
(3-1) vibration-rotation band line. In the left panel MMU 101 is illustrated;
it has one of the best detections of this line. In the right panel the mean
spectrum of all program stars is compared to syntheses computed with an
average NGC 6940; see the discussion in §6.5. Synthetic spectra are color-
coded as the same way as in Figure 5.
MMU 108 and especially MMU 152 again are overabundant with
respect to the cluster means, being K overabundant by about 0.2 dex
in MMU 152, and 0.3 dex in MMU 108.
6.4 Neutron-capture Elements
We detected transitions of Ce ii, Nd ii, and Yb ii in our IR spec-
tra, to complement the ionized optical region transitions of Y, La,
Nd, and Eu in Paper 1, and additional Ce transitions presented in
this study. Caution should be used in interpreting the IR Nd and
Yb abundances, since they have been derived from one transition
each. All neutron-capture elements are somewhat overabundant, but
among the rare-earth elements there is a split between those whose
origin in solar-system material is attributed more to slow neutron
captures (the s-process) and rapid neutron captures (the r-process).
Using the r- and s-fractions in Table 10 of Simmerer et al. (2004),
the “mostly s elements” are La (75% s-process), Ce (81%), and Nd
(58%), and the “mostly r elements” are Eu (97% r-process) and
Yb (68%). Other r/s assessments, e.g., Sneden et al. (2008) give
similar fractions for these elements. A simple mean of both IR and
optical La, Ce, and Nd abundances is 〈[s-process/Fe]〉 ≃ 0.23, while
that for Eu and Yb is 〈[r-process/Fe]〉 ≃ 0.10. This is suggestive of
a mild s-process overabundance in NGC 6940, but the effect is too
weak to be pursued with our spectra.
6.5 The CNO Group
The H and K spectral region provides many useful molecular
features such as OH, CN and CO. These transitions can greatly
strengthen the reliability of CNO abundances and 12C/13C ratios
derived from optical spectroscopy. We applied iterative spectrum
synthesis to these features to derive fresh CNO abundances for
NGC 6940 RG stars purely from our IGRINS spectra.
Abundances of C and O must be derived together iteratively
because these elements are linked through CO formation. How-
ever for our NGC 6940 RGs the problem is not severe, because the
strengths of species used to determine O abundances ([O i] in the
optical, OH in the IR) are relatively insensitive to assumed C abun-
dances. In Paper 1 we derived cluster means 〈[C/N]〉 = −0.56 and
〈[C/O]〉 = −0.17, in reasonable agreement with expectations for so-
larmetallicityRG abundance ratios resulting from interior CN-cycle
hydrogen fusion and envelope mixing. In absolute abundance terms
these ratios are 〈log ǫ(C/N)〉 ≃ 0.05 and 〈log ǫ(C/O)〉 ≃ −0.43.
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For our NGC6940 program giants the molecular CO associa-
tion is small, especially so for O, being about 2.5 times more
abundant than C. Our molecular equilibrium computations yield
N(CO)/N(C) ≃ 0.09 and N(CO)/N(O) ≃ 0.03 in atmospheric line-
forming layers. Thus internally consistentC andO abundances could
be derived in 1-2 iterations of the C- and O-containing species.
We began by assuming an average C abundance from Paper 1
and deriving O abundances from 3-15 OH lines. Although there
are many OH lines especially in the H band, they are usually weak
(sometimes undetectable) and often are blended in our stars. We
illustrate this in the left panel of Figure 6 by showing observed
and synthetic spectra of the 16052 Å line in MMU 101, one of
the best detections of OH in our program stars. This line is not
obviously contaminated by lines of other species, but it is less than
2% deep. In order to convince ourselves of the reality of this and
other chosen OH lines, we experimented by combining the spectra
of all 12 RGs into one single “cluster mean” spectrum (adopting an
average atmospheric parameter set for the cluster mean: Teff= 4996
K, log g= 3.0, [M/H] = −0.06, ξt= 1.17 km s−1). All of the lines
that we eventually used for individual stars were identified in the
combined spectrum, and many other also. The 16052 Å line in this
spectrum is shown in the right panel of Figure 6; the increased S/N
of the combined spectrum can be easily seen by inspection of right
and left panels of the figure.
The O abundance from the combined spectrum (using 21 OH
lines) of 12 RGs was [O/Fe] = 0.04 (σ = 0.08). The mean of the
individual O abundances fromOH lines in 12 RGs is [O/Fe] =−0.01
(σ = 0.08, Table 4). This value is consistent with O abundance
that derived from the [O i] 6300 Å line,[O/Fe] = −0.09 (σ = 0.06),
within themutual uncertainties of bothO species. BothO abundance
indicators should be treatedwith caution. In addition to theweakness
and blending issues of OH lines, this species makes up less than
1% of the total O content in atmospheric line-forming regions;
uncertainties in OH syntheses are magnified in the O elemental
abundances derived from OH. [O i] lines arise from the dominant
O-containing species, as discussed above. But these transitions are
plagued with multiple contaminants, both stellar and telluric, and
are difficult to work with in NGC 6940 (see Figure 8 of Paper 1).
We suggest that the IR OH transitions may yield abundances for
this cluster that are more trustworthy then those obtained with the
optical forbidden lines.
Adopting the O abundance derived from OH features we then
derived C abundances from themany prominent K-band COmolec-
ular features, specifically those of the 12CO first overtone ∆v = 2
(2−0) and (3−1) bands. All CO transitions yielded consistent C
abundances with very small internal scatter, about 0.03 dex. The
mean NGC 6940 abundance fromCO features was 〈[C/Fe]〉 =−0.29
(σ = 0.14). In Paper 1 we obtained the optical C abundances from
two C2 Swan band heads: the (0-0) band head at 5165 Å, which is
heavily blended by atomic absorption lines, and the (0-1) band head
at 5635 Å, which is very weak and also blended with other features.
Using these two regions we obtained a cluster mean of [C/Fe] =
−0.26 (σ = 0.08), consistent with the new CO-based abundance.
In this study, we also investigated the high excitation C i lines
for independent C abundance estimations. This species has de-
tectable transitions over the whole optical and IR spectral range. In
the optical we measured C i lines at 5380 and 8335 Å. In the IR, we
were able to locate four useful C i lines at 16022, 16890, 17456 and
21023 Å. We summarize the C abundances from C i, C2 and CO in
the optical and IR in Table 5. The various features yield consistent C
abundances in all NGC 6940 RGs. For the cluster, 〈[C/Fe]〉 = −0.24
Table 5. [C/Fe] abundances in optical and infrared regions.
Star C i C2 C i CO mean mean
opt opt IR IR opt IR
MMU 28 −0.17 −0.22 −0.23 −0.28 −0.19 −0.25
MMU 30 −0.20 −0.19 −0.11 −0.10 −0.20 −0.11
MMU 60 −0.28 −0.31 −0.28 −0.31 −0.29 −0.30
MMU 69 −0.24 −0.25 −0.28 −0.36 −0.24 −0.32
MMU 87 −0.22 −0.22 −0.23 −0.23 −0.22 −0.23
MMU 101 −0.22 −0.26 −0.28 −0.19 −0.24 −0.24
MMU 105 −0.27 −0.28 −0.25 −0.29 −0.27 −0.27
MMU 108 −0.14 −0.21 −0.33 −0.34 −0.17 −0.34
MMU 132 −0.20 −0.34 −0.37 −0.43 −0.27 −0.40
MMU 138 −0.15 −0.16 −0.13 −0.16 −0.15 −0.15
MMU 139 −0.22 −0.23 −0.22 −0.20 −0.23 −0.21
MMU 152 −0.37 −0.44 −0.61 −0.62 −0.41 −0.61
Table 6. Carbon isotropic ratios of optical and infrared regions.
Stars 13CN 13CO 13CO
(8004 Å) (23440 Å) (23730 Å)
MMU 28 25 25
MMU 30 15 15 25
MMU 60 20 25
MMU 69 10 27 27
MMU 87 25 18 30
MMU 101 15 30 25
MMU 105 15 20 25
MMU 108 20 20 20
MMU 132 25 25 25
MMU 138 20 18 22
MMU 139 15 25 27
MMU 152 6 6 6
(σ = 0.07) from the optical features and 〈[C/Fe]〉 =−0.28 (σ = 0.13)
from the IR features (Table 4).
With the newly-derived O and C abundances in the IR, we
calculated N abundances from ∼18 selected CN molecular lines
located between 15000 and 15500 Å. The cluster meanN abundance
for 12 RGs is 〈[N/Fe]〉 = 0.52 (σ = 0.08, Table 4), in good accord
with optical mean for the cluster, 〈[N/Fe]〉 = 0.46 (σ = 0.06).
The first overtone 12CO (∆v = 2) band heads (2−0) and (3−1)
are accompanied by the 13CO band heads near 23440 and 23730 Å,
respectively. These features allowed us to determine more robust
12C/13C values for the cluster members compared to the ones ob-
tained in Paper 1 only from the 13CN feature near 8003 Å. In
Figure 7, we plot both regions for MMU 152, the RG member
with the lowest 12C/13C in our sample. Generally the CN and CO
isotopic indicators yield consistent mean values leading to cluster
mean 〈12C/13C〉 = 20, with a few stars (notably MMU 69 andMMU
101) indicating much larger isotopic ratios from IR CO than from
optical CN features. We list the 12C/13C ratios of all the RGs for
both spectral region in Table 6.
Taking NGC 6940 RG optical and IR CNO indicators as a
whole, we find [C/Fe] = −0.26, [N/Fe] = 0.49, [O/Fe] = − 0.05,
and 12C/13C = 20. Excluding MMU 152 from the sample the clus-
ter RGs have [C/Fe] = −0.24, [N/Fe] = 0.48, [O/Fe] = − 0.05,
and 12C/13C ≃ 22. The Asplund et al. (2009) initial C and N abun-
dances are log ǫ(C) = 8.43, log ǫ(N) = 7.83, or log ǫ(C/N)init = 0.60.
RG observed mean abundance ratio [C/N] = −0.75 becomes
log ǫ(C/N)RG = −0.15. This value is somewhat lower than the
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Figure 7. Observed and synthetic spectra illustrating the very low carbon
isotopic ratio of NGC 6940 MMU 152. In each panel the blue, red, and
green lines represent 12C/13C =100, 6, and 3, respectively. The top panel
is centered on the triplet or 13CN red system (2-0) lines that have been the
primary indicators of the isotopic ratio in optical studies of RG stars. The
middle panels show representative 13CO (2-0) R-branch vibration-rotation
band lines, and the bottom panel shows the 13CO (3-1) R-branch bandhead.
original stellar evolution predictions of Iben (1964, 1967a,b),
as discussed by Lambert & Ries (1981). The predictions given
in Table 6 of Lambert & Ries are for assumed initial ratios
log ǫ(C/N) = 0.86, 0.68, and 0.50. The corresponding RG val-
ues are log ǫ(C/N)pred = 0.20, 0.13, and 0.05. The 2 M⊙ RGs
in NGC6940 with Asplund et al. initial abundances would be pre-
dicted to have log ǫ(C/N)pred ≃ 0.1. The predicted isotopic ratios
from Lambert & Ries are nearly identical to our RG observed mean
value. For initial values 12C/13Cinit = 89, 50, and 25, they predict
that 12C/13CRG = 21, 18, and 13. For the reasonable (unprovable)
assumption that 12C/13Cinit ≃ 90, the predicted RG value of 21 is
nearly identical to that of our NGC 6940 program stars.
6.6 Hydrogen Fluoride
Inspection of our K-band spectra revealed no obvious stellar ab-
sorption at 23358.3 Å, the wavelength of the single unblended HF
line in this spectral region. The spectra of two of the stars, MMU
105 andMMU 152, were examined in greater detail for the presence
of the HF feature. The details of HF analyses to obtain an abundance
of fluorine are described in Pilachowski & Pace (2015).
Synthetic spectra of the HF region were computed using
MOOG and the model atmospheres determined for each star.
An excitation potential of χ = 0.227 eV was adopted from HI-
TRAN molecular line database (Rothman et al. 2013). The oscil-
lator strength log g f = −3.971 was adopted from Lucatello et al.
(2011), and the dissociation energy used byMOOG,D0 =5.8698 eV,
is consistent with the Jönsson et al. (2014) calculations. We adopted
wavelengths, excitation potentials, and gf-values from Goorvitch
(1994) for spectrum synthesis of the neighboring CO (2-0) and
(3-1) vibration-rotation lines. For the handful of atomic lines in
the spectrum, we adopted line parameters from the Vienna Atomic
Figure 8. Spectra of two giants, MMU 105 and MMU 152, along a compar-
ison star HD 10853. Synthetic spectra are shown at the solar abundance of F
(red) and an upper limits on the stellar abundance of F (blue) for each NGC
6940 star. The position of the HF feature is marked with a dashed vertical
line.
Line Database (Kupka et al. 2000 and references therein) for our
spectrum synthesis.
The synthetic spectra, calculated with a fluorine abundance
log ǫ(F) = 4.40 (Maiorca et al. 2014), are compared to the observed
stellar spectra in Figure 8. For comparison, we include the slightly
cooler K3.5 V star HD 10853 from Pilachowski & Pace (2015).
They found that for solar metallicity stars, HF is not reliably present
in stars warmer than ≈ 4500 K. Pilachowski & Pace adopted atmo-
spheric parameters (Teff = 4600 K, log g = 4.65, [Fe/H] = −0.12) for
HD 10853 from Mishenina et al. (2008), and determined a fluorine
abundance of log ǫ(F) = 4.27 for the star.
For MMU 105 at Teff = 4762 K, we find an upper limit to the
abundance of fluorine to be log ǫ(F) < 4.7 from synthetic spectra.
For MMU 152, the upper limit is higher, log ǫ(F) < 5.1 due to the
lower S/N ratio for this spectrum. Both stars are consistent with a
solar abundance of fluorine, although we cannot rule out a slight
enhancement.
While we cannot rule out a small excess in the abundance of
fluorine, an enhancement of F through mass transfer from a carbon-
enhanced asymptotic giant branch (AGB) star is unlikely. AGB stars
are thought to be significant producers of fluorine (Jorissen et al.
1992, Abia et al. 2009). Redetermination of the fluorine abundances
in peculiar red giants (Abia et al. 2015) suggests that large fluo-
rine excesses ([F/H] > +0.3 or log ǫ(F) > 4.6) are limited primar-
ily to stars with C/O ratios near unity (C/O < 1.08). Stars with
C/O greater than this value have near-solar abundances of fluorine
(log ǫ(F) ≃ 4.3).
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7 STELLAR EVOLUTION MODELLING OF NGC 6940
Interpretation of the light element abundances in our NGC6940
giants requires knowledge of their evolutionary state(s). Therefore
we modelled the observed photometric properties of the stars in
NGC6940 with both the MESA (Paxton et al. 2011, 2013) and
Victoria (VandenBerg et al. 2014) stellar evolutionary codes. The
former code was used to compute the evolutionary tracks of stars
having the main-sequence turnoff (MSTO) mass from the zero-age
main sequence (ZAMS) to the core helium-burning phase on the
assumption of the same input physics and control parameters as
described by Denissenkov et al. (2017). We assumed [Fe/H] = 0.0
(Paper I) in these computations, and an initial solar abundance mix
recommended by Asplund et al. (2009). An important component
of these calculations was the treatment of interior convection. Stars
with larger masses than the Sun are predicted to have convective
cores during their MS phase. It has long been known that some
degree of core overshooting must also occur in order to satisfy
such empirical constraints as the properties of eclipsing binaries
and the morphology of the MS blue hook in the color-magnitude
diagrams (CMDs) of young (<∼ 4 Gyr) open clusters, which occurs
when the central H abundance is exhausted. Since the pioneering
work that established the importance of convective core overshoot-
ing in intermediate-mass andmassive stars (e.g. Bressan et al. 1981;
Bertelli et al. 1986;Maeder & Meynet 1987), there have been many
studies devoted to the calibration of the extent of overshooting as a
function of mass and metallicity (see, e.g. VandenBerg et al. 2006;
Bressan et al. 2012; Stancliffe et al. 2015; Deheuvels et al. 2016;
Claret & Torres 2018). All stellar models must implement some
treatment of convective core overshooting in order to match photo-
metric observations. In the next subsection we describe our treat-
ment of convective overshoot as it applies to stars similar in mass
to NGC6940.
7.1 Treatment of Interior Convection
As in the case of convective helium cores, convective overshooting
outside the Schwarzschild boundary of a convective H core during
theMSevolutionhas beenmodelledwith the exponentially decaying
diffusion coefficient
Dov(r) = Dconv(r0) exp
[
−2(r − r0)
fovHP
]
, (1)
as proposed by Herwig et al. (1997) based on the hydrodynamical
simulations of Freytag et al. (1996). Here, Dconv(r0) is the con-
vective diffusion coefficient both inside the convective core and
close to its boundary calculated with the mixing length theory,
HP is the pressure scale height, and fov is a free parameter whose
value must be constrained empirically. Herwig (2000) found that the
value fov ≈ 0.016 enabled him to reproduce the earlier models of
Schaller et al. (1992) that had used a step-like prescription for con-
vective overshooting; i.e., the convective boundary was arbitrarily
relocated to a distance αovHP outside the Schwarzschild boundary.
Their models were able to successfully match the upper envelope
of the MS (the so-called “terminal-age main sequence" or TAMS)
defined by 65 star clusters and associations of different ages when
the value of the convective overshooting parameter αov = 0.2 was
used.
Victoria models (see VandenBerg et al. 2006) are similar ex-
cept that the enlargement of a central convective core is derived
from a parameterized form of the integral equations derived by
Roxburgh (1989) for the maximum possible size of such a core.
By introducing a parameter Fover into the integral equations, where
0 ≤ Fover ≤ 1, and then determining best estimates of its value
from inter-comparisons of synthetic and observed CMDs for clus-
ters spanning awide range in age, as well as observations of selected
binary stars, VandenBerg et al. were able to deduce how Fover varies
with mass. According to their Fig. 1, Fover appears to ramp up from
a value near 0.0 at the lowest mass with sustained core convection to
a value of ≈ 0.55 at a higher mass by about 0.5 M⊙ , and to remain
essentially constant with further increases in mass. Lacking any
evidence to the contrary, VandenBerg et al. assumed that this vari-
ation is nearly independent of metallicity, aside from a zero-point
adjustment. That is, the functional relationship between Fover and
mass is taken to be the same as the one that they derived for solar
abundances, except that, for other abundance choices, it is shifted
in mass until Fover = 0.0 coincides with the mass at which the tran-
sition is made between stars that have radiative cores at the end of
the MS phase to those that retain convective cores until central H
exhaustion.
One of the totally eclipsing binary stars considered by
VandenBerg et al. (2006) was TZ For, which has close to the solar
metallicity (like NGC6940) and whose components have masses
very close to the MSTO mass of NGC6940. Indeed, this binary
provides a unique benchmark test of the efficiency of convec-
tive overshooting in the turnoff stars of NGC6940, especially as
Gallenne et al. (2016) have recently determined to very high preci-
sion (∼ 1%) the effective temperatures, luminosities, masses, and
radii of its components. Follow-up studies by Valle et al. (2017) and
Higl et al. (2018) examined the implications of the improved stellar
parameters of this binary for the calibration of core overshooting in
their stellar models.10
Our simulations with the MESA code of the evolution of
the TZ For components with the parameters adopted for them by
Gallenne et al. (2016) are able to match their positions on the H-
R diagram with a relative age difference of less than 1% only if
we assume that fov = 0.035 and the primary component is in
the core He-burning stage of evolution (see Figure 9). Very sim-
ilar conclusions were reached by Higl et al. (2018), however see
Constantino & Baraffe (2018). We have therefore used this value
of the convective overshooting parameter in generating the MESA
models that have been applied to NGC6940. It turns out that an
equally goodfit to the properties of the secondary component, which
provides the main constraint on core overshooting in ∼ 2 M⊙ stars
having close to the solar metallicity, can be obtained using models
that are generated by the Victoria code assuming the abundances
of the metals given by Asplund et al. (2009) and the overshooting
prescription described above.
7.2 Evolutionary Tracks and Isochrones for NGC 6940
The Victoria code has state-of-the-art model interpolation codes
(VandenBerg et al. 2014), so we used it to produce the 1.15 Gyr,
2.0 M⊙ turnoff mass isochrone that provides the best fit to the
CMD of NGC6940 (the black curve in Figure 1). The grid of
10 Both of these studies assumed that the secondary of TZ For has
Teff = 6650 ± 200 K, which corresponds to the adopted temperature of
the model atmosphere that was used in the spectroscopic analysis carried
out by Gallenne et al. (2016). However, the latter gave 6350 ± 70 K as their
best estimate of its temperature from an analysis of the interferometric H-
band flux ratio. The higher temperature, by 300 K, used by Valle et al. and
by Higl et al. has the consequence that their values of the extent of core
overshooting would have been underestimated somewhat.
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Figure 9. The positions of the components of the eclipsing binary system TZ
Fornacis on the HRD (red dots with errorbars) and their fits with the MESA
stellar evolution models computed using the parameters adopted for these
stars by Gallenne et al. (2016). The best fits with the relative age difference
between the stars less than ∼ 1% are obtained assuming that [Fe/H]= 0.05,
Y = 0.25, and fov = 0.035.
models employed for this interpolation assume solar abundances,
a helium abundance of Y = 0.27, and a range in mass from 1.0
to 2.0 M⊙ . The blue curve in Figure 1 is the MESA evolutionary
track computed for M = 2.0 M⊙ and the same initial chemical
composition as that used to generate the isochrone. The isochrone
and the evolutionary tracks have been transposed to the observed
plane using the reddening-corrected bolometric corrections given
byCasagrande & VandenBerg (2018) for theGaiaGBP, G, andGRP
bandpasses. On the assumption of a true distance modulus, (m-M)0
= 10.11, the isochrone provides the best overall fit to the cluster
photometry if E(B − V) = 0.21. With this choice, the isochrone
appears to be slightly too red relative to the upper MS stars, while
deviating somewhat to the blue of the MS stars at G > 16 (not
shown).
It is possible that an improved fit could be obtained by adopting
slightly different cluster parameters. As noted in §2, the cluster
parallax has a 1σ uncertainty of 0.052 mas, which corresponds to
a distance modulus uncertainty of about ±0.12 mag. Furthermore,
Lindegren et al. (2018) have suggested that current Gaia parallaxes
suffer from a zero-point error of ∼0.03 mas, in the sense of being
too small. Insofar as the foreground reddening is concerned, the 3D
dust maps provided by Green et al. (2018, 2015) yield E(B − V) =
0.24 − 0.25, with an uncertainty of ± 0.02−0.03, depending on the
adopted distance of NGC 6940. However, even if the actual cluster
properties (including the age and the turnoff mass) differ somewhat
from those that we have adopted or derived, the predicted chemical
properties of the RC stars, which are of particular importance for
the present investigation, would not change significantly.
The close similarity between the blue track and the isochrone
at GBP−GRP > 1.2, when the predicted mass along the isochrone is
close to 2.0 M⊙ and the variation in mass has become very small,
illustrates the good agreement between our MESA and Victoria
models; see Denissenkov et al. (2017) for a more complete discus-
sion of the indistinguishability of MESA and Victoria models when
their input physical ingredients are similar.
The colors of the red-giant branches (RGBs) of both the blue
track and the isochrone are∼0.05magnitude redder than they should
be in order to fit the CMD positions of the NGC6940 red giants.
Similar color offsets have been found in the fits of isochrones to the
CMDs of other open clusters (e.g. Choi et al. 2016; Hidalgo et al.
2018) and globular clusters (e.g. VandenBerg et al. 2013; Fu et al.
2018). They are likely caused by deficiencies in the treatment of
convection, the adopted atmospheric boundary condition, and/or
the assumed color–Teff relations. Recent work aimed at calibrat-
ing the mixing-length theory using 3D hydrodynamic atmosphere
models (Magic et al. 2015, and references therein) indicates that
the mixing-length parameter should decrease towards higher Teff ,
lower surface gravity, and higher metallicity, but the consequences
for stellar models appear to be small (Mosumgaard et al. 2018). As
an illustration, we computed a track with the same parameters as
for the blue one of Figure 1, but with the mixing length increased
by 10%; see the red curve in this figure. It provides quite a good
fit to the observed giants, though one could potentially accomplish
the same thing by altering the boundary condition for the pressure
at T = Teff by assuming a different T–τ relation or by adopting the
photospheric pressures from a grid of model atmospheres; see, e.g.,
VandenBerg et al. (2008); VandenBerg et al. (2014), their Fig. 15;
Salaris & Cassisi (2015). What is much more important is that both
the red and blue tracks have the same minimum luminosity during
core He-burning, and that this luminosity agrees very well with the
observed magnitudes of the red giants in NGC6940. This is the rea-
son why the luminosity of the red clump is a good distance indicator
(see, e.g. Stanek et al. 1997; Nataf et al. 2013).
Figure 10 shows a superposition of the blue track onto the
cluster CMD (top-left panel), the predicted evolutionary timescales
for the RGB and red-clump (horizontal branch) phases (bottom-
left panel), and the variations of the surface abundances of C and
N (right-hand panels). Note, in particular, that the lifetime on the
RGB, where MG decreases from ∼1.0 to ∼ −1.5, is much shorter
than the evolutionary timescale of the red clump. Therefore, most,
if not all, of the red-giant stars in NGC6940 are predicted to be core
He-burning red clump stars. Furthermore, because the H-burning
shell in our RGB models (along both the blue and red tracks) never
reaches and erases the mean molecular weight barrier left behind by
the bottom of the convective envelope at the end of the first dredge-
up (FDU), the first-ascent red giants are not expected to experience
extra mixing along the RGB. Nor will they experience a helium core
flash; they will instead ignite core helium quiescently. These are
among the expected consequences of significant core overshooting
during the MS stage. Thus, the surface chemical composition of the
red-clump stars in NGC6940 should reflect only the changes that
occurred during the FDU.Our computations support this conclusion
for all of the red-clump stars except MMU152, the star with the
lowest [C/Fe] ratio in the Figure 10 top-right panel, illustrated with
a green square.
8 MMU 152 AND ITS ANOMALOUS LIGHT ELEMENT
ABUNDANCES
MMU 152 has anomalous light element abundances compared the
11 program stars: it has a much lower C, much higher N and Na,
and somewhat higher Al, P and K. Additionally MMU 152 has a
very low carbon isotopic ratio, 12C/13C = 6 ± 1. This is easily seen
in both optical CN and IR CO features (Figure 7). Normal high
metallicity disk field and open cluster red giants do not exhibit such
unusual light element abundances. These MMU 152 abundances
resemble more what is found in globular cluster evolved stars.
Large star-to-star and cluster-to-cluster correlated and anti-
correlated variations are found among the CNONaMgAl elements
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Figure 10. Top-left panel: The CMD of NGC6940 with the blue track and a red-clump fragment of the red track from Figure 1. Right panels: the corresponding
changes of the surface C and N abundances compared with the ones observed in the red-clump stars. Bottom-left panel: the RGB (for the absolute magnitude
MG decreasing from ∼1.0 to ∼−1.5) and red-clump (horizontal-branch) evolutionary timescales. MMU 152 is illustrated with a green square.
(e.g., Gratton et al. 2012; Carretta et al. 2018; Bastian & Lardo
2018 and references therein). Briefly, abundances of C and N are
anti-correlated as qualitatively expected from normal CN cycle hy-
drogen fusion. But the magnitude of C deficiencies and N enhance-
ments are often much more extreme than seen in disk RG stars.
More importantly there are well-documented O-N, O-Na, often O-
Al, and sometimes Mg-Al anti-correlations seen in globular cluster
stars.
The interior syntheses leading to these correlated light element
abundances is most easily understood as various high temperature
(T ≥ 4×107 K) proton-capture sequences, mainly the O-N, Ne-
Na, and Mg-Al cycles. The observed Mg-Al anti-correlations in
some globular clusters such asM13 (Kraft et al. 1997; Carretta et al.
2009a,b) require H-fusion temperatures T ≥ 7×107 K. It is believed
that most low-mass globular cluster the stars with anomalous light
element abundances must have acquired them at or near birth from
the ejecta of intermediate-mass stars within the clusters. Those
stars would have had the requisite high-temperature interior layers
capable of generating the requisite O-N, Ne-Na, and Mg-Al cycles.
The light element abundance distribution of NGC 6940
MMU152 resembles those of some RGs inmetal-rich globular clus-
ters. Averaging the optical and IR abundances in Table 4,MMU 152
has [C/Fe] = −0.51, [N/Fe] = 0.61, [O/Fe] = −0.10, [Na/Fe] = 0.53,
[Mg/Fe] = 0.10, [Al/Fe] = 0.13, and 12C/13C = 6. These abun-
dances are like those found in the disk globular cluster 47 Tuc (e.g.,
Brown & Wallerstein 1989, Shetrone 2003, Carretta et al. 2009a,b,
Johnson et al. 2015, Thygesen et al. 2014). The maximum relative
O abundances of 47 Tuc giants, [O/Fe]≃ 0.5, are larger than those of
any NGC 6940 program star, but globular clusters have high initial
O abundances compared to OCs.
Recently, Pancino (2018) has reported discovery of rapidly-
rotating dwarf stars in several OCs that have relatively low O and
high Na abundances, sometimes accompanied by low Mg abun-
dances. Since OC’s, including NGC 6940, show no indications of
multiple stellar generations, Pancino suggests that the causes of
these main sequence anomalies are internal, most likely from a
combination of several mechanisms such as diffusion, mixing, rota-
tion, and mass loss. MMU152 might be an elderly red-giant version
of such a rapidly rotating dwarf star, but we have no observational
way to confirm this idea.
If the core H-fusion regions of MMU 152 were hot enough
to ignite the O-N and Ne-Na cycles, then either there was more
vigorous envelope mixing or larger mass loss than occurred in other
RGs of this cluster. If the slightly anomalous radial velocity of
MMU 152 is due to the presence of an unseen binary companion,
then that presumably higher-mass star could have given the unique
CNO abundances and 12C/13C to MMU 152 through mass transfer.
The (V − K) value for MMU 152 is not unusual compared to other
RGs (Table 2), thus not hinting at any extended dust envelope for
this star.
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Alternatively, MMU 152 may be a counterpart of the Li-rich
red-clump stars (Smiljanic et al. 2018b) that also show evidence of
enhanced extra mixing. The Li enrichment in this case could be a
transient event (Denissenkov & Herwig 2004) that the star might
have experienced in the past. At its present age the original Li has
been destroyed, so that only the changes in the surface abundances
of C and N are left as signatures of this enhanced mixing. There
are various speculations regarding the cause of the enhanced extra
mixing (e.g. Bharat Kumar et al. 2018). In the case ofMMU152 we
can rule out mixing caused by the core He flash because, according
to our simulations, He ignited quiescently in its core. Rotational
mixing during the long-lived red-clump phase could be responsible,
but this hypothesis has yet to be supported by stellar evolution
simulations.
Our C, N, and 12C/13C abundance predications are similar
to those of Charbonnel & Lagarde (2010) for a solar-metallicity 2
M⊙ star. They used a smaller amount of convective overshooting,
corresponding to αov = 0.1. When we reduce fov to a value of
0.014 (Constantino & Baraffe 2018), the H-burning shell in our
RGB models does erase the mean molecular weight barrier, and
core He is ignited in the form of a flash. However, we do not expect
any significant contribution of RGB extra mixing to the change of
the surface chemical composition because of its short timescale and
expected shallow depth. This is confirmed by results in Table 2 of
Charbonnel & Lagarde. Unlike us, they have also taken into account
rotational mixing, showing that it can slightly reduce the carbon
isotopic ratio and significantly lower the surface Li abundance.
Therefore, the observed 12C/13C isotopic ratio of 10–15 in some
of the red-clump stars in NGC6940 could be a result of rotational
mixing on the MS. The difficulty with this possibility is that the Li
abundance should be very low as well, which is not the case, at least
for the stars MMU 69 and 139.
Finally, considering the fluorine abundances presented in §6.6,
any excess of fluorine in the atmosphere of MMU152 would most
likely be accompanied by an excess of carbon. The observed de-
ficiency of C in MMU 152’s atmosphere suggests that any mass
transfer onto the star from an AGB companion must have occurred
before any carbon dredge-up from He burning, and prior to any
fluorine production. Together with the low carbon isotope ratio
(12C/13C ≃ 6), the low carbon abundance and unenhanced fluorine
abundance suggests that any mass transfer onto MMU 152 would
likely come from an early AGB star. Although our RV measure-
ments do not show any evidence of binarity for MMU 152, the
possibility of being a double star with large separation based on
its position in the colour-magnitude diagram has been discussed by
Mermilliod & Mayor (1989).
9 CONCLUSIONS
Wehave observed 12 red giantmembers ofNGC6940with the high-
resolution H- and K-band spectrograph IGRINS. Temperature-
sensitive line-depth ratios derived from our IR spectra are in good
accord with those in the optical, and yield Teff values consistent
with those derived from standard line analyses done in Paper 1.
Adopting the atmospheric parameters derived fromPaper 1, we
have derived abundances of 19 elements from 20 species measured
on the IGRINS spectra. For elements in common with those studied
in Paper 1 we find good relative abundance agreement. Abundances
of elements P, K, Ce, and Yb are reported for the first time in
NGC 6940. For some species we believe that the IR abundances are
more reliable than those determined from optical transitions. The
availability of multiple species in the optical and IR strengthens the
abundances of both C (C i, C2, and CO) and O ([O i], OH).
Having the advantage of Gaia DR2, we used up-to-date kine-
matic parameters and determined the most probable members of the
NGC 6940. We then applied Victoria isochrones andMESAmodels
to the updated CMD of the cluster and investigated the evolutionary
status of our targets, paying special attention to those light elements
whose abundances can be altered by interior fusion cycles and en-
velope mixing episodes. The isochrones suggest our RGs as core
He-burning red clump stars with mostly undergone canonical FDU
mixing and the CNO abundances of our targets are consistent with
these standard stellar evolutionary predictions.
The only exception in our sample comes with the RG member
MMU 152, which has the lowest [C/Fe] and 12C/13C values among
our sample. The low 12C/13C ratio of MMU 152 suggests extra
mixing to be involved during its evolution, which could be the result
of rotational mixing that took place on the MS phase. The effect
of rotational mixing also could not be ruled for the members with
12C/13C∼10−15. Besides the extreme depletion of C, MMU 152
exhibits larger enhancements of N and Na, and slight enhancement
of Al. This star’s surface light element abundances show signs of
high-temperature H burning. Whether these abundances have been
encouraged by severe envelopemass loss or bymore efficientmixing
is not clear.
We will continue searching for other cluster RGs with peculiar
CNO abundances in future IGRINS studies of M67, NGC 752,
and several dust-obscured open clusters for which optical high-
resolution spectroscopy is impractical.
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